1. Introduction {#sec0005}
===============

Awareness regarding the energy demand, particularly the development of clean and sustainable fuels to replace fossil fuels in the near future, has grown worldwide \[[@bib0005]\]. Several types of biomass feedstocks have been studied to produce clean biofuel. However, the choice of food vs fuels is still a crucial concern for the production of biofuel when considering agricultural crops as the source of biofuel \[[@bib0010],[@bib0015]\]. The developments of microalgal biomass harvest has been keep growing, since harvesting plays a major role in the economical point of algal biotechnology towards consideration of the mass biomass production, thus, vital for the cost-effective process construction. Many harvesting technologies, such as coagulation, flocculation, and centrifugation, have been invented; however, selecting cost-effective technology is still challenging \[[@bib0020],[@bib0025]\]. Some harvesting technologies can be used only for the lab-scale production, not large-scale production, because of the operational cost. Among the harvesting technologies reported, centrifugation can yield high-value biomass without contamination, however, it is not cost-effective \[[@bib0030],[@bib0035]\]. Other researchers introduced flotation, which efficiently harvests microalgal biomass by cell flotation \[[@bib0025]\]. Cell flotation and dispersed ozone flotation techniques hold promises to minimize the cost of operation associated with floatation technology \[[@bib0040]\]. Another study optimized the flotation technology by combining coagulation and flotation to obtain almost 100% biomass recovery. However, the cost of operation was still not favorable \[[@bib0045]\].

A recent study on harvesting suggested that using flocculation followed by sedimentation could significantly reduce the cost associated with simple operation \[[@bib0050]\]. Various flocculation technologies, such as chemical flocculation and bio-flocculation, have been developed and used \[[@bib0050]\]. Moreover, as the surface charge of the microalgal cells is considered to be negative, a positively charged supplier would be necessary for efficient flocculation and harvesting \[[@bib0055],[@bib0060]\]. In previous studies, bio-flocculants have been used to precipitate microalgal biomass, wherein another kind of biomass was used as flocculant, but the requirement of high dosage of the biomass flocculants would limit their use in large-scale production \[[@bib0050]\]. The polymeric flocculation would be cost-effective, non-toxic and more effective, even in low dosage for harvesting microalgal biomass \[[@bib0065],[@bib0070]\]. Flocculation productivity is reliant on a few factors, for example, the type of and charge polymer and in addition on the microalgae species. The microalgae species *viz. Chlamydomonas*, *Chlorella*, *Scenedesmus*, *Schizochytrium*, *Muriellopsis*, and *Phaeodactylum* have been subjected to flocculation examinations with various amounts of flocculants \[[@bib0065],[@bib0075]\]. Generally utilized lab strain models for the research in algae field are *Chlorella* sp., *Scenedesmus acuminatus* and *Chlamydomonas reinhardtii* \[[@bib0080]\]. These methodologies go from customary flocculation strategies that are generally utilized as a part of different fields of industry. The engineered polyacrylamide polymers are normally utilized as concoctions of flocculants in other industries. These are noxious and synthetic polyacrylamide and hence likewise pollute the microalgal biomass \[[@bib0085]\]. Synthetic chemical flocculation brings about sullying of the biomass, in spite of the fact that the utilization of normal polymers may limit this issue. Flocculants in light of natural biopolymers in this way are of a more secured option, these days.

In this review, we have discussed over the bio-flocculation process along with natural biopolymers as flocculants for the harvesting of microalgae since they can induce efficient flocculation of freshwater microalgae even at low dosages. Furthermore, the chemical reactions involved in this process have been considered.

2. Polymers used in the flocculation {#sec0010}
====================================

The accumulation of organic polymeric substances called bioflocculants fundamentally improve the effectiveness of the flocculation procedure for microalgal harvesting which is due to the linkages, flanked by various colloidal particles of flocs \[[@bib0090]\]. Bioflocculants are the polysaccharides which have the best features of both the natural and manufactured polymers and it is the reason behind their edge of the momentum towards the industrial research. In addition, their low carbon content combined with high flocculation have made them not only appropriate flocculants to water treatment but also to microalgal biomass harvesting \[[@bib0095],[@bib0100]\]. Moreover, the biopolymers exist in the form of naturally and synthetically structurally modified moieties like carrageenans, alginates, *etc*., chitosan, starch, *etc*., and acrylamides, acrylic acids, *etc*., respectively \[[@bib0100]\]. These polyelectrolytes are characterized by their functionalities along their main skeleton which are cationic *viz*. chitosan, inulin, diallyldimethylammonium chloride (DADMAC), ethyleneimine, polyethyleneimine polymers (PED), polyethyleneimine polymers (PEI), vinyleamine, *etc*., anionic *viz*. acrylamido 2-methyl propane sulfonic acids (AAMPSA), alginates, pectin, polyacrylamides, polystyrene sulfonic acid (PSSA), *etc*., non-ionic *viz*. poly-glutamic acid (PGA) and ampholytes like amylopectin which contains both the carboxylate and amino functionalities \[[@bib0105],[@bib0110]\]. [Fig. 1](#fig0005){ref-type="fig"} depicts the structure of some important cationic and anionic polymers.Fig. 1The structure of some important cationic and anionic polelectrolytes.Fig. 1

In industrial level, the biopolymer based flocculation is the promising contender. The cationic polymers are other broadly utilized and viable flocculants \[[@bib0115], [@bib0120], [@bib0125]\], yet are generally much more costly than inorganic flocculants like metal salts, for example, aluminum sulfate *etc*. Practically, the polyamine cationic bioflocculants ([Fig. 2](#fig0010){ref-type="fig"}) brings promising outcomes for cost-effective harvesting of microalgal biomass for the energy generation \[[@bib0130]\]. The growth and development the microalgal species namely *Chlorella* sp. and *Scenedesmus* were promising on the reuse of this polymer flocculated wastewater. [Table 1](#tbl0005){ref-type="table"} shows applications of commercially available cationic polymers in saline and freshwater microalgae harvesting. Inulin is a natural, renewable, biodegradable and polydispersefructan ([Fig. 3](#fig0015){ref-type="fig"}) \[[@bib0100]\]. It covers an extensive variety of applications along with its derivatives. Its basic structure comprises principally of regular*β*-[d]{.smallcaps}-(2→1)-fructofuranosyl moieties and one *α*-[d]{.smallcaps}-(1→2)-glucopyranosyl unit at the end \[[@bib0135]\]. A storage polysaccharide exists in the roots and tubers of *Asteraceae* plants family which mainly consists *Inula helenium*, \[[@bib0140]\]. Over the most recent couple of decades, chitosan has risen as a positive flocculating operator in its utilization as a cationic polysaccharide in the harvesting of microalgae \[[@bib0145]\]. Analysis with other commercially oriented flocculants presents different favorable circumstances, including flocculating particles into bigger flocs \[[@bib0150]\] bringing about a quicker sedimentation rate (SR), giving a clear residual solution, subsequent to harvesting for higher flocculation productivity and being non-hazardous \[[@bib0145]\], which makes it conceivable to recycle the residual solution again to the microalgae cultivation \[[@bib0145],[@bib0150]\].Fig. 2Structure of polyamine cationic polymer.Fig. 2Table 1Commercially available cationic polymers in saline and freshwater microalgae harvesting.Table 1ManufacturerCommercial\
namePrice\
(US\$Kg^--1^)Technical specifications\
Polymer type \[P\]; Molecular weight \[MW\]; Charge \[C\]\
(Operational pH: 7--8)Microalgal\
SpeciesFlocculation condition Cell density \[D\] g L^--1^ / cells mL^--1^ / OD750; Scale \[S\] mL; Flocculant dose \[FD\] mg L^--1^; Settling time \[T\] minMedium\
Freshwater\
\[Fresh\]; Marine\
\[Marine\]Efficiency\
(%)Allied Chemicals\
Ltd, UKZetag 63NAP: Polyacrylamide;\
MW: 1 × 10^7^*Chlorella*\
*Stimatophora*D: 10^6^ mL^--1^; S: 1000; FD: 10; T: 30Fresh93Zetag 92NAP: Polyacrylamide;\
MW: 2 × 10^7^*Chlorella*\
*Stimatophora*D: 10^6^ mL^--1^; S: 100; FD: 10; T: 30Fresh93BASFMagnafloc\
LT225NAP: Polyacrylamide*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 35; T: 30Fresh72*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 35; T: 30Fresh95*Scenedesmus*\
*Acuminatus*D:10^7^ mL^--1^; S: 100; FD: 30; T: 30Fresh95Zetag 88198P: Polyacrylamide; C: High*Chlorella* sp.S: 1000; FD: 34; T: 60Fresh98Zetag 81858P: Polyacrylamide; MW:\
High; C: High*Chlorella*\
*Vulgaris*D: 0.26; S: 3000; FD: 5; T: 30Fresh100*Nannochloropsis*\
*Oculata*D: 0.29; S: 3000; FD: 0.55; T: 30Marine75Zetag 75708P: Polyacrylamide*Nannochloropsis*\
*Salina*S: 2000; FD: 10Marine10Zetag 75578P: Polyacrylamide*Phaeodactylum*\
*Tricornutum*D: OD750--3.6; S: 5; FD: 0.01; T:120Marine98*Neochloris*\
*Oleoabundans*D: OD750--0.7; S: 5; FD: 0.01; T:120Marine52Brenntag\
QuimicaEM161.5--6P: Polyelectrolyte; MW:\
Medium; C: Medium*Muriellopsis* sp.D: 2.0; S: 250; FD: 10; T: 15Fresh95EM221.5--6P: Polyelectrolyte; MW:\
Large; C: Medium*Muriellopsis* sp.D: 2.0; S: 250; FD: 10; T: 15Fresh95*Scenedesmus*\
sp.D: 2.0; S: 250; FD: 10; T: 15Fresh95Brenntag\
QuimicaFB11.5--6P: Polyelectrolyte; MW:\
High; C: Medium*Muriellopsis* sp.D: 2.0; S: 250; FD: 12; T: 15Fresh95*Chlorella*\
*Vulgaris*D: 2.0; S: 250; FD: 3; T: 15Fresh95*Scenedesmus*\
*Subspicatus*D: 2.0; S: 250; FD: 2; T: 15Fresh98EM11.5--6P: Polyelectrolyte; MW:\
High; C: High*Muriellopsis* sp.D: 2.0; S: 250; FD: 15; T: 15Fresh95*Chlorella fusca*D: 2.0; S: 250; FD: 8; T: 15Fresh89DOW ChemicalC--31NAP: Polyelectrolyte; MW:\
5 × 10^6^*Mixed*\
*Chlorophyta*D: 0.15; S: 250; FD: 2.5; T: 60Fresh95Emsland--Stärk\
GmbHEmfloc\
KC7501.4P: Potato Starch*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 70; T: 30Fresh48*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 70; T: 30Fresh90*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 40; T: 30Fresh95Rundo Biotech\
Japan Co.Poly\
(γ--glutamic\
acid)4.5Chitosan*Chlorella*\
*protothecoides*D: 0.6; S: 8000; FD: 20; T: 120Fresh98*Chlorella*\
*Vulgaris*D: 0.6; S: 8000; FD: 20; T: 120Marine91Sachtleben\
WasserchemieSynthofloc\
5080HNAP: Polyacrylamide*Phaeodactylum*\
*Tricornutum*D: OD750--0.7; S: 5; FD: 0.01; T: 120Marine93*Neochloris*\
*Oleoabundans*D: OD750--0.8; S: 10; FD: 30Marine90*Neochloris*\
*Oleoabundans*D: OD750--0.7; S: 5; FD: 0.01; T: 120Marine36Separ Chemi\
GmbHPOLY\
SEPAR®\
CFL252.2P: Tannin, quaternary\
ammonia salt; MW: Low;\
C: High*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 30; T: 30Fresh95*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 20; T: 30Fresh20*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 70; T: 30Fresh70POLY\
SEPAR®\
KW1002.7P: Quaternary ammonia\
compound, free of\
polyacrylamide; C: High*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 30; T: 30Fresh95*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 50; T: 30Fresh90*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 60; T: 30Fresh95POLY\
SEPAR®\
KW452.7P: Quaternary ammonia\
compound, free of\
polyacrylamide; C: Low*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 30; T: 30Fresh65*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 80; T: 30Fresh80*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 60; T: 30Fresh35POLY\
SEPAR®\
PK55H3.6P: Polyacrylamide; MW:\
High; C: High*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 1.5; T: 30Fresh95*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 4; T: 30Fresh99*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 2; T: 30Fresh98POLY\
SEPAR®\
SK723.37P: Starch*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 20; T: 30Fresh88*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 30; T: 30Fresh91*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 60; T: 30Fresh99POLY\
SEPAR®\
SK723.37P: Starch*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 20; T: 30Fresh88*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 30; T: 30Fresh91*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 60; T: 30Fresh99POLY\
SEPAR®\
KW745 H2.7P: Polyacrylamide*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 20; T: 30Fresh90*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 20; T: 30Fresh90*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 20; T: 30Fresh90CFL 2172.5P: Poly DADMAC; MW:\
Low; C: High*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 20; T: 30Fresh90*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 30; T: 30Fresh80*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 50; T: 30Fresh95CFL 2292.5P: Poly DADMAC; MW:\
Low; C: High*Chlorella* sp.D: 10^7^ mL^--1^; S: 100; FD: 40; T: 30Fresh76*Chlamydomonas*\
*Reinhardtii*D: 10^7^ mL^--1^; S: 100; FD: 40; T: 30Fresh87*Scenedesmus*\
*Acuminatus*D: 10^7^ mL^--1^; S: 100; FD: 50; T: 30Fresh96Sigma--AldrichChitosan90P: Linked [d]{.smallcaps}-glucosamine;\
MW: Medium*Chlamydomonas*\
*Reinhardtii*D: 0.7; S: 500; FD: 25Fresh93*Chlorella*\
*Vulgaris*D: 0.25; S: 100; FD: 8; T: 30Fresh85*Chlorella*\
*Stimatophora*D: 10^6^ mL^--1^; S: 1000; FD: 10; T: 30Fresh90*Neochloris*\
*Oleoabundans*D: OD750--0.8; S: 10; FD: 90Marine66Sigma--AldrichChitosan90MW: Low*Nannochloropsis*\
*Salina*D: 0.7; S: 1500; FD: 3; T: 60Marine98*Nannochloropsis*\
sp.FD: 100; T: 60Marine90*Isochrysis*\
*Galbana*D: 10^6^ mL^--1^; S: 1000; FD: 10; T: 30Marine90*Chaetoceros*\
*Calcitrans*S: 500; FD: 20; T: 240Marine83SNF--FloergerFO49907.9P: Polyacrylamide; MW:\
4.5--7.1 × 10^6^; C: Very High*Chlorella*\
*Vulgaris*D: 0.26; S: 3000; FD: 1.66; T: 30Fresh99*Nannochloropsis*\
*Salina*D: 0.7; S: 50; FD: 3; T: 60Marine94*Nannochloropsis*\
*Oculata*D: 0.26; S: 3000; FD: 0.55; \[T\]: 30Marine90FO48003.37P: Polyacrylamide; MW:\
4.9--7.1 × 10^6^; C: High*Chlamydomonas*\
*Reinhardtii*D: 0.7; S: 500; FD: 13.5Fresh97*Chlorella*\
*Vulgaris*D: 0.26; S: 3000; FD: 1.66; T: 30Fresh99*Nannochloropsis*\
*Salina*D: 0.7; S: 50; FD: 3; T: 60Marine88F046507.9P: Polyacrylamide; MW:\
4.5--7.1 × 10^6^; C: Medium*Nannochloropsis*\
*Oculata*D: 0.26; S: 3000; FD: 0.55; T: 30Marine87*Chlorella*\
*Vulgaris*D: 0.26; S: 3000; FD: 1.66; T: 30Fresh100*Nannochloropsis*\
*Salina*D: 0.7; S: 50; FD: 3; T: 60Marine73*Nannochloropsis*\
*Oculata*D: 0.26; S: 3000; FD: 0.55; T: 30Marine81SNF--FloergerSNF--Floerger FO45507.9P: Polyacrylamide; MW:\
4.1--7.1 × 10^6^; C: Low*Chlorella*\
*Vulgaris*D: 0.26; S: 3000; FD: 1.66; T: 30Fresh99*Nannochloropsis*\
*Salina*D: 0.7; S: 50; FD: 3; T: 60Marine73*Nannochloropsis*\
*Oculata*D: 0.26; S: 3000; FD: 0.55; T: 30Marine67TANAC (Brazil)Tannin1.9P: Natural polymer; MW:\
Low; C: Low--medium*Microcystis*\
*Aeruginosa*FD: 10; T: 30Fresh97Tanfloc SL2.25P: Natural polymer; MW:\
Low; C: Low--medium*Chlorella*\
*Vulgaris*D: 0.26; S: 3000; FD: 5Fresh100*Nannochloropsis*\
*Oculata*D: 0.29; S: 3000; FD: 5; T: 30Marine97Nalco\
(Australia)71301P: Polyacrylamide; MW:\
Medium; C: Medium/High*Chlorococcum*\
sp.D: 0.6; S: 1000; FD: 3; T: 30Marine7871303P: Polyacrylamide; MW:\
Low/Medium; C: Medium*Chlorococcum*\
sp.D: 0.6; S: 1000; FD: 4; T: 30Marine9071305P: Polyacrylamide; MW:\
Low; C: Medium/High*Chlorococcum*\
sp.D: 0.6; S: 1000; FD: 3; T: 30Marine85(Source: Ref. \[[@bib0105],[@bib0320]\]).Fig. 3Structure of inulin cationic polymer.Fig. 3

The addition of chitosan to the way of microalgal cultivation at particular concentrations from 10 to 80 ppm caused bio-flocculation took after by perceptible sedimentation of the trailed microalgae. The effectiveness towards the harvesting process of *Scenedesmus* sp., utilizing chitosan is exceptionally susceptible to the pH of the algal culture medium with pH 7 and 8 \[[@bib0155]\]. It could be reasoned that, the cultural cell density only decides the required quantity of chitosan for flocculation. The most noteworthy sedimentation rate utilizing 40 ppm chitosan could be accomplished under pH 7 and OD3 (82.1%). Grouping of 80 ppm chitosan accomplished the most noteworthy harvesting rate *i.e*., 74% at pH 8, while 40 ppm chitosan expected to get 60.1% flocculation for *Scenedesmus* sp. culture at ahead of schedule logarithmic phase with pH at 7. The cultural cell density impacts the chitosan dosage required for flocculation \[[@bib0155]\]. An extracellular yield of *Bacillus subtilis* is the poly (*γ*-glutamic acid) (*γ*-PGA) which has been utilized commercially as a microbial flocculant in wastewater treatment also, in large scales \[[@bib0160]\]. The dosage parameters of *γ*-PGA to carry out the flocculation process depend on the concentration of biomass and alkalinity for *Chlorella protothecoides* and *Chlorella vulgaris* furthermore; *γ*-PGA has a little impact on microalgal cells \[[@bib0165]\]. Our outcomes illustrate that *γ*-PGA is a potential as well as an effective and economical flocculant in the harvesting microalgae for the generation of biodiesel.

Bio-flocculation based method is by all means a definitive assurance for commercial harvesting of microalgae biomass. Anyway inorganic flocculants have some limitations, a perfect approach is the utilization of natural flocculants in light of polymeric materials and structurally modified polymeric materials play a vital role in harvesting process \[[@bib0170]\]. Artificially, *cassia* a polysaccharide is made from the linear chain of 1,6 linked *α*-[d]{.smallcaps}-galactopyranose with 1,4-*β*-[d]{.smallcaps}-mannopyranose moieties and are derived basically from the leguminous plant species namely *Cassia tora* and *Cassia obtusifolia*. Biopolymers, such as, guar gum and tamarind kernel polysaccharide are being the focus of examination for both the natural and modified of their potential functions \[[@bib0175]\]. In addition, their formulations which are grafted, polyacrylamide grafted and hydrolyzed tamarind kernel polysaccharide, cationic guar gum and starch grafted polyacrylamide are being intricately contemplated in the flocculation process and are similarly considered to the microalgal flocculation process \[[@bib0170]\]. Essentially structural modification of tamarind kernel polysaccharide, glycogen and amylopectin \[[@bib0175]\] has been done and used to flocculate the effluents from textile industries, coal suspension and kaolin, iron mineral individually. Lately, unique methodologies as well as challenges in microalgal flocculation region are well examined \[[@bib0180]\].

In addition, to have the ability to interface with the negative surface charge on the microalgal cells, these biopolymers should be insistently charged, which is exceptional in nature. An exceptional unequivocally charged biopolymer is chitosan, which is resolved from chitin, a waste thing from the creation of shellfish. Further, chitosan is an incredibly capable flocculant anyway it works exactly at low pH, yet pH of the microalgal cells is modestly high \[[@bib0130],[@bib0185]\]. A differentiating choice to chitosan is a cationic starch which is prepared from starch by methods for reaction with quaternary ammonium salt. The charge of that quaternary ammonium group is self-determining towards pH and along these lines cationic starch works over a broader pH than chitosan \[[@bib0190]\]. The chitosan contains a positive charge inferable from the amino functionalities. Under acidic conditions, these chitosan particles have high positive charge and are dynamic in flocculation by binding to the microorganism which has oppositely charged cell surface. Because of its cationic, biodegradability and low-noxious nature, chitosan has been used in wastewater treatment additionally \[[@bib0195],[@bib0200]\]. Distinctive instances of biopolymers that can be used to flocculate microalgae are poly-glutamic acid which is an extracellular polymer made by *Bacillus subtilis* microscopic organisms \[[@bib0205]\] or polymers which exist flour of *Moringa oleifera* seeds \[[@bib0210]\]. Polymeric flocculants have been used broadly to recover microalgal biomass. Notwithstanding, in examination with inorganic flocculants, for example, aluminum sulfate, a cationic polyelectrolyte might be less viable \[[@bib0215]\]. Concentrates with *Chlorella ellipsoidea* at biomass of active mass 0.05--3 kg.m^−3^ and polymeric concentration of 1 × 10^‐5^--1 kg.m^‐3^ have demonstrated a nonattendance of flocculation at polymer fixation up to 0.2 kg.m^−3^ \[[@bib0110]\]. Cationic polyethylene imine is a viable flocculant for *Chlorella* species. In thinks about with them, the quantity of polymers required to start flocculation process diminished as the molar mass of the polymer increased. In any case, additionally increments in molar mass did not enhance the flocculation effectiveness. The adjustments in pH over the scope of 4--7, did not influence the flocculation procedure \[[@bib0110]\]. Further, the polyvalent natural polymers have been guaranteed as viable flocculants for both the *Chlorella* and *Scenedesmus* species \[[@bib0220]\].

3. Mechanism involved in polymeric flocculation {#sec0015}
===============================================

Microalgal cells are smaller in size (3--25 μm), negatively charged cells, which remain in suspension forms in the cultural media as their negative charge balances their amassing. Further, the microalgal cell wall has negative charges which derive principally as a consequence of the carboxylic (−COOH) and amino (--NH~2~) functional groups. Still, the mechanism of flocculation was not well recognized \[[@bib0225], [@bib0230], [@bib0235], [@bib0240], [@bib0245]\]. The polymeric flocculation is an effortless technique for harvesting different types of microalgae \[[@bib0245]\]. It consistently necessitates the addition of a polyelectrolyte with a strong positive charge; thereby the co-cultivated microalgal biomass harvesting is carried out by certain cationic acrylamide based polyelectrolyte flocculants \[[@bib0105]\]. Idyllically, these flocculants are cost-effective, non-toxic and more effective than others, even in low concentration \[[@bib0105],[@bib0250]\]. Here, the floc forming destabilization mechanisms assume the process of polymeric adsorption and is very pH dependant. There are three floc forming destabilization mechanisms *viz*, neutralization of charge carriers, sweep flocculation and gravity filtration ([Fig. 4](#fig0020){ref-type="fig"}).Fig. 4Mechanism involved in polymeric flocculation.Fig. 4

3.1. Neutralization of charge carriers {#sec0020}
--------------------------------------

In inducing the flocs formation for flocculation as the microalgal cells possess a negative charge which prevents the aggregation of cells, the charge neutralization plays a vital role. The stable microalgal cells which carry negative charges are brought closer to the added acrylamide based cationic polyelectrolyte as flocculant to the broth. The surface charge of the negatively charged microalgal cells is neutralized by cationic flocculants *via* electrolytic repulsion which reduces the *zeta*-potential and facilitates the process of flocculation. As the gentle mixing accelerates the rate of particle collision, the mixing speed was increased to allow flocculant distribution evenly. Thereby, the positively charged flocculant is attracted towards the negatively charged microalgal colloidal particles by means of some electrostatic forces of attraction *via* charge, dipole-dipole hydrogen bonding and van der Waals forces of interactions. After addition of the flocculants to the broth, they strongly interact with the single algal cells by adsorption to the surfaces and structuralization of a fibrous network between them has appeared. It was assumed that these flocculants are getting consumed to the cell wall before inciting flocculation. In this way the polymeric adsorption to the surface can be upgraded by charge differences. In the event that the charge differences amongst the polymers and the cell wall are larger, the polymer will be adsorbed rapidly. The algal cell particles are ordinarily negatively charged in arrangement and frame stable colloids so the cationic acrylamide based polymers work viably by means of their inductive and electromeric impacts. The presence of amide functionals (--C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O---NH~2~) and other electronegative molecules in the lattice improves a negative surface charge to the microalgal cells in light of the fact that the lone pair of electrons from ---N atom of the amide moved towards more electro negative --O atom.

3.2. Sweep flocculation {#sec0025}
-----------------------

The algal cell colloidal particles become destabilized due to the electrostatic attractive forces of the algae cells towards the polyelectrolyte leads to a charge-charge interaction which results in the formation of flocs. Successive collisions and adsorption of the formed microflocs consequently result in the flocs grow which is also due to the flocculants nearby cover almost all the microalgal cell surfaces to permit the cellular interactions. Presently the little stabilized algal cell particles (microflocs) are joined into bigger flocs because of a blend of charge balance and bridging of these particles. It depends upon the charge thickness and length of the polymeric chain of the flocculant. In the last stage, the agitation process is ceased up and the flocs are allowed to settle down. It was observed that the cationic acrylamide based polymer produces large dense flocs. After 10 days, the formed flocs are microscopically visible. Flocculation is affected by quite a few parameters which include the mixing speed, intensity and time of the flocculant \[[@bib0250]\].

3.3. Gravity filtration {#sec0030}
-----------------------

After the flocculation, a low energy centrifugation or gravity filtration of bigger flocs prompts an extra 10-fold higher concentration of the harvested biomass. Following a time of two months, the way of culture media was profitably reused after the flocculation process. It was important to affirm that if flocculant particles left, they don\'t adversely influence the cell development and the media are driven once more into the way of culture vessel that results to cell partition.

The cost-effective recycling process of the very clear non-toxic growth media after the harvesting of algae cells holds a favorable role for the industrial based applications. Moreover, the main characteristics of the post-treatment process for this kind of microalgae slurry residues involve the neutralization of the flocculated medium, followed by supplementation of nutrients. The microalgal cells can be flocculated by increasing the pH of the recycled culture and it can be observed that the cultivated microalgal biomass in the recycled growth medium is very analogous to that of the fresh medium. Some change in color of the medium after flocculation experiments indicate that the recycled medium after flocculation is not feasible to further cultivation \[[@bib0255]\]. It is also essential to confirm that the remaining particles of the flocculants do not unconstructively affect the growth, after the separation of algae cells. Moreover, a recycling experiment was conducted over a period of 8 weeks using algae cultures. The biomass can be harvested weekly, using the flocculants and the supernatant can be returned into the bioreactor. The optical density is adjusted to improve the light conditions for the algae growth, after each harvesting.

4. Concluding remarks {#sec0035}
=====================

Bio-flocculation is thought to be a cost-effective process for the microalgae harvesting. Natural cationic polymers can incite productive bio-flocculation of freshwater microalgae even at low measurements in the vicinity of 1 and 10 mg/L. In any case, the high saltiness of the marine condition was found to repress flocculation process with these polyelectrolytes. Such a phenomenon was examined with three different cationic polymers. The inhibition experienced by flocculation was lessened at elevated salinity levels, and effectual flocculation was accomplished at the salinity levels lower than 5 mg/L. The diminished adequacy of cationic polymers to initiate microalgae bio-flocculation in ocean and salty waters is basically credited to the impact of medium ionic quality on the design and configuration of the polymer, as confirmed by the changes in its intrinsic viscosity. At high ionic potential, the polymer shrinks within its dimensions, and neglects to bind to the microalgal cells.

Currently, researchers have paid immense attention on algae--bacteria \[[@bib0260]\], algae--fungal \[[@bib0265]\], algal--algal bioflocculation \[[@bib0270],[@bib0275]\] but most approaches are corroborated on lab scale level only \[[@bib0280]\]. It is due to the requirement of supplementary substrates and energy-intensive sources to sustain growth of the bacterial/fungal cells. There is a possibility of surplus bacterial/fungal contamination for the production plant of microalgae as well as hard to control the cultural set-up. Moreover, there is a basic lack of knowledge on the flocculation mechanisms. However, it is assumed that there are two possible mechanisms for aggregation of microalgae cells by means of bacteria: The first one is based on formation of aggregation *via* certain polysaccharide and protein compounds produced by bacterial/fungal cell walls \[[@bib0285]\], and the second one is a direct linking of the bacteria and microalgae, forming aggregated microalgae cells through charge neutralization reactions/electrostatic patching/bridging by extracellular polymeric substances (EPS) \[[@bib0290]\] to enhance sedimentation process of microalgae \[[@bib0295]\]. A number of studies propose the possibilities of both bridging and patching mechanisms for aggregation of a large and very close microalgae cells respectively for such bioflocculation processes. In addition, many research deals with genetic engineering, which can induce algae cellular reversible flocculation *via* dissimilar genetic modifications \[[@bib0300]\] and such an approach, can be controllable along with high yield \[[@bib0305]\]. Even though, for increasing the biomass accumulation still require noteworthy advances in the microalgae genomics \[[@bib0310]\] and the future study should pin points towards the additional screening for self flocculating microalgae to recognize the flocculation genes \[[@bib0315],[@bib0275]\].

In light of the results, the usage of anionic and nonionic flocculants can\'t be recommended for the harvesting of *Chlamydomonas*, *Chlorella* and *Scenedesmus* cells. The flocculation capability of microalgae cells harvesting was entirely affected by the net charge of the examined polymer. Cationic flocculants achieved the most imperative flocculation efficiencies, while anionic, non-ionic and ampholytic flocculants brought about no/inadequate flocculation. The amount of required flocculants differs from 1.5 to 70 mg/L, as indicated by the microalgae species. By virtue of high flocculation efficiencies more than 95% at low quality of 1.5 mg/L, the cationic polyelectrolyte was decided for reusing tests on account of harvesting the species like *C. reinhardtii*, *Chlorella* sp., *S. acuminatus* and so on. It is revealed that the stability for a microalgal suspension of single cells is attributable to the repulsive powers actuated by the charges existing in the cell wall. We recommended that the accomplishment of cationic polymeric flocculants can be credited to the capacity of these flocculants to interface with singular cells and instigate growth of flocs and are framed on the grounds that the cationic functionals of the polymeric flocculant adsorb the negatively charged mass of the stablized cells. Finally, the impact is the destabilization of the cellular suspension consequently; active masses of both the flocculant and the feed must influence the flocculation process.

Amongst, the various flocculants, polymeric organo-flocculants with or without ionic charge along their chain either branched or linear are extensively effective for a choice of industrial functions like treating wastewater, mining process, *etc* and for effectual microalgae biomass harvesting. Such flocculants can be classified into cationic, anionic, non-ionic or zwitterionic accordingly and the charge carrying flocculants can neutralize microalgae cells which carry opposite surface charges and can join to the particles together *via* physical/chemical forces of attraction. The effectiveness of such polyelectrolytes are based on their kind, formula weight, charge densities, concentration of the cells, category of algae strain, ionic strength and pH of the cultural medium. This review described that there is an ideal proportion amongst flocculants and biomass that decides the required measure of flocculant at different biomass focuses. Despite the fact that this is like measured dosages announced in other smaller scale algal research, it is roughly 10 times higher than the measurements utilized for the wastewater industry. In addition, increase in the pH prompts the flocculation and was viable (90%) for harvesting of microalgae, primarily in the direct development stage. In any case, the effect of a higher pH on the profitability of polyacrylamide flocculants was negative which may be connected with the hydrolysis of flocculants at higher pH. The successful flocculation of microalgae requires incredibly the charged polymers. High atomic weight polyacrylamide polymer flocculants with higher charge density were profitable for the examined microalgae species. The most confusing efficiencies were enrolled for the flocculants with charge thickness 2--4 meq g^--1^, which can remove more than 95% of the cells from *Chlorella sorokiniana*, *Scenedesmus obliquus*, *Scenedesmus subspicatus* and *Synechoccocus nidulans* in the log stage at strengths of 2--5 mg/L. This examination has shown that a little estimation (around 8 mg/L) of polyamine polymer is extremely powerful to harvest of the *Scenedesmus* sp. The chitosan predominance in flocculation within the sight of polyelectrolytes is credited to its inflexible skeleton that comprises of glycosidic monomers. Moreover, it was found that the bioflocculants of a higher molecular weight and charge density is marginally more prominent for the best flocculation of marine and fresh water microalgae. Harvesting of microalgae utilizing polyacrylamide is prominent amongst the most proficient and costoptimal advances to preconcentrate microalgae for the generation of biofuel.
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